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INTRODUCTION 


Since  almost  the  beginning  of  the  Christian  era  ex- 
perience has  been  available  in  at  least  a  limited  way  regarding 
the  uses  and  mechanical  properties  of  iron-carbon  alloys;  within 
recent  years  this  information  has  been  amplified  ano  interpreted 
from  a  scientific  standpoint,  and  the  influence  of  other  alloy- 
ing elements  has  been  studied  until  now  ternary  and  quartcrnary 
systems  are  well  understood.        Because  of  the  difficulty  of  pro- 
ducing iron  in  a  pure  and  workable  form  little  is  known  of  its 
properties.        It  is  the  purpose  of  this  thesis,  therefore,  to 
present  a  series  of  mechanical  tests  on  pure  iron,  and  to  explain 
the  results  obtained  in  the  light  of  modern  methods  of  research 
and  according  to  the  latest  theories. 

Concisely  it  is  trie  intention  first  to  investigate  the 
thermal  critical  points  as  a  basis  for  regulating  heat  treatments 
then  to  perform  a  series  of  tensile  test3  on  specimens  which  have 
undergone  these  arbitrarily  determined  thermal  treatments;  and 
finally  to  correlate  the  mechanical  tests  with  micro-photographic 
analysis  in  an  endeavor  to  explain  the  results  obtained.  From 
this  viewpoint  the  thesis  may  be  logically  grouped  in  three  parts 

1.  The  Determination  of  the  Thermal 
Critical  Points. 

2.  T'he  Results  of  the  Mechanical  Tests. 

3.  The  Micro-photographic  Analysis. 
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All  of  the  data  to  be  presented  was  available  for 
bulletin  73  of  the  Engineering  Experiment  Station.       Some  of  it 
has  already  been  used  for  this  publication  and  it  was  for  this 
reason  that  the  system  used  for  designating  specimens  in  the 
bulletin  was  retained  in  the  thesis. 

The  method  of  preparation  for  the  iron  has  been  the 
subject  of  much  difficulty  and  laborious  research.       It  will  be 
sufficient  in  this  connection,  however,  to  pass  over  the  prelim- 
inary work  and  mention  only  the  final  method.        Brief ly  the  pure 
iron  employed  in  this  investigation  is  made  from  Swedish  charcoal 
iron  doubly  electrolytically    deposited  on  lead  cathode  plates 
from  a  ferrous  sulphate  solution,  and  subsequently  remelted  in 
vacuo  in  a  carbon  resistor  Arsen  vacuum  furnace  in  contact  with 
a  magnesite  crucible.        In  order  to  furnish  a  criterion  of  the 
"behaviour  of  the  pure  iron,  three  alloys  of  varying  carbon  content 
were  also  prepared  acoord,ing  to  the  method  above,  but  with  the 
addition  of  a  known  amount  of  granulated  graphite  carbon.  A 
table  of  chemical  analysis  is  appended  as  table  2 
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II 

DBTBRMINATIOU  OF  THiS  CRITICAL  POINTS 

A  very  large  amount  of  work  has  been  done  on  the  ques- 
tion of  the  allotropy  of  iron,  and  out  of  this  mass  of  data  the 
following  facts  have  emerged.        In  the  neighborhood  of  900  C« 
iron  undergoes  an  allotropic  modification  which  is  indicated  by 
an  evolution  of  heat  on  cooling  and  an  absorption  of  heat  on 
heating.        This  point  is  designated  as  the  A*  point,  and  is 
different  for  heating  and  cooling,  and  is  lowered  by  the  addition 
of  impurities,  particularly  carbon.        A  similar  and  less  pro- 
nounced point  occurs  around  750°  0.        Besides  the  changes  in 
thermal  equilibrium,  marked  changes  in  volume,  specific  heat, 
electrical  resistance,  thermo-electric  force,  and  magnetic  per- 
meability have  been  noted.        To  account  for  these  radical  changes 
in  critical  properties  the  following  theories  have  been  formulated. 

(1)  The  critical  points  Ag  and  Ag  abruptly  divide  iron  into 
three  allotropic  forms;  gamma  iron  above  Ag,  beta  iron  between 

Ag  and  Ag  ;  and  alpha  iron  below  Ag  •      This  is  the  theory  of 
Osmond. 

(2)  The  point  Ag  is  an  evidence  of  an  allotropic  change  at 
its  corresponding  temperature,  but  the  point  A«  is  not,  and  is 
merely  an  evolution  of  heat  accompanying  a  change  in  the  magnetic 
properties. 

(S)     The  critical  point  Ao  is  not  an  evidence  of  an  allo- 
tropic change  but  is  merely  a  manifestation  of  the  ending  of  the 
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trans format ion  which  began,  at  A5.        This  interpretation  has 
behind  it  the  prestige  of  Le  Chatelier. 

The  last  two  hypotheses  deny  the  existence  of  "beta  iron. 
In  view  of  recent  developments  which  indicate  that  cistinct  marked 
eha  igea  in  all  the  properties  of  the  metal  with  the  possible  ex- 
ception of  the  crystalline  structure  actually  occur  at  the 
point,  credence  is  being  given  more  and  more  to  the  theory  of 
Osmond,  It  has  he en  decisively  proved  that  alpha  and  gamma 

iron  crystallize  in  different  systems,  and  it  is  difficult  to 
assume  that  the  two  are  mutually  soluble,  while  there  is  consid- 
erable evidence  in  favor  of  Osmond's  theory  that  alpha  and  beta 
iron  are  isomorphous.        The  work  in  this  thesis  will,  therefore, 
be  based  on  the  validity  of  the  first  theory,  and  the  method  of 
investigation  will  be  that  of  heat  evolutions.       The  detailed, 
statement  of  the  procedure  follows. 

After  melting  and  solidifying  in  the  vacuum  furnace 
the  inprot  was  forged  in  an  oxidizing  coke  forge  into  a  long  rod 
about  one  halt'  inch  in  diameter.        From  this  rod  cooling  and 
micro  specimens  :vere  cut  and  the  tensile  test  specimens  lathe- 
turned.      The  cooling  curve  specimens  were  rarely  more  than  fifty 
grams  weight  and  usually  were  smaller.        A  small  hole  was  drilled 
in  them  sufficient  to  enclose  and  protect  the  thermo-couple  hot 
junction.        The  specimen  wa3  then  ready  for  use. 

In  obtaining  the  cooling  curve  the  specimen  was  placed 
in  contact  with  the  thermo-couple  in  an  electro-quartz  pyrometer 
tube  partially  filled  with  fused  magnesite.       Tube  and  contents 
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were  then  inserted  in  a  Iloskins  muffle  type  resistance  furnace 
and  heated  approximately  to  950°  0.        At  this  point  current  was 
out  off  and  furnace  and  specimen  allowed  to  cool.      Owing  to  the 
insulating  properties  of  the  magnesite  the  specimen  was  independ- 
ent of  the  thermal  conditions  inside  the  furnace,  while  maintain- 
ing practically  the  same  cooling  rate.  During  the  cooling  the 
elapsed  time  for  each  successive  ten  degree  decrement  was  taken 
V/  stop  watches,  one  being  stopped  and  the  other  started  simul- 
taneously as  the  magnified  image  of  the  pyrometer  galvanometer 
needle  passed  over  a  scale  division. 

In  all  temperature  determinations  the  same  pyrometer 
was  used.        It  consisted  of  a  platinum-rhodium  Maereus  element 
standardized  for  use  with  a  high  resistance  Siemens-IIalske  gal- 
vanometer.       The  pyrometer  was  frequently  calibrated  against 
the  following  fixed  points  with  the  cold  junction  at  0  G ,  and  its 
indications  were  found  to  be  remarkably  uniform.      A  calibration 
curve  for  the  instrument  is  included  as  page   16  . 


Sn  232  C 

S  444  C  at  760  mm. 

Al  658 

Ag  961    Reducing  conditions 

Gu  1084    Reducing  conditions. 


RESULTS 

From  the  data  obtained  as  described  three  curves  ?;ere 
plotted  on  the  same  sheet  and  to  the  same  scale  of  temperature 


-11- 


abscissae  after  the  data  ha''  been  suitably  transformed  by  calcula- 
tion: 

(1)  The  temperature -time  cooling  curve  with  centigrade  tem- 
peratures as  abscissae  and  time  of  cooling  in  minutes  as  ordinate3 
"his  is  the  fundamental  curve  and  should  indicate  allotropic  trans 
formation  points  "by  jogs,        Since,  however,  its  indications  are 
not  always  decisive,  the  other  two  curves  are  included. 

(2)  The  inverse-rate  curve  plotted  with  the  time  in  seconds 
for  the  occurence  of  a  ten  degree  decrement  as  ordinatea.  This 
should  indicate  critical  points  by  its  maxima. 

(3)  The  temperature  rate  curve  plotted  with  the  rate  of 
cooling  in  degrees  per  minute  as  ordi nates.      This  indicates 
or  it  ical  points  "by  its  minima. 

Previous  to  taking  the  cooling  curves  of  the  specimens, 
a  series  of  cooling  curves  of  the  furnace  were  taken  in  the 
manner  indicated.        These  curves  are  included  to  show  the  effect 
of  the  furnace  upon  the  cooling  rate. 

The  different  critical  points  for  the  different  speci- 
mens are  included  in  table  I.        The  following  remarks  are  sig- 
nificant, however,  in  understanding  the  results  of  the  determina- 
t  i  ons . 

The  sensibility  of  the  method  is  plus  or  minus  five 
degrees.        From  the  inflection  points  on  the  curves  and  the  ex- 
perience gained  in  the  manipulation  it  is  the  opinion  of  the 
writer  that  the  Ar„   (the  Ag  point  on  cooling)  is  located,  very 
close  to  895  0.        In  some  cases  it  is  possible  to  observe  the 
hang  of  the  galvanometer  needle  closer  than  the  limit  of  accuracy 
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settled  upon  above.        This  observation  was  considered  in  locat- 
ing tie  assigned  value  of  the  temperature  for  the  point  in  ques- 
tion.       Similarily  the  location  of  the  Ar    point  is  decided 
u^on  as  bein^  approximately  760°  0.      An  Ar^  o  point  was  detected 
only  in  the  case  of  the  carbon  alloy  5-C0-3.        An  Ar-j_  point  was 
also  located  for  this  specimen,  a  phenomenon  which  is  not  to  be 
expected  for  so  low  a  carbon  content. 

Certain  qualitative  facts  may  also  be  gleaned  from  the 
results  of  these  experiments. 

The  Ar,,  roint  is  not  to  be  confounded  with  the  e  uili- 
3  1 

brium  point  A^.      Preliminary  experiments  indicate  that,  for 
equal  rates  of  heating:  an^  cooling  as  determined  by  the  normal 
cooling  rate  of  the  furnace,  the  Ar^  point  and  the  Ac^  T-oint  rnay 
be  separated  by  as  much  as  forty  degrees.       In  the  case  of  the 
Ar0  point  it  is  not  supposed  that  it  differs  from  the  Ao  point 
by  more  than  five  degrees. 

Previous  thermal  and  mechanical  treatment  probably 
greatly  affect  the  location  of  point  Ars  ;  the  same  is  not  true 
of  Arr,  which  is  relatively  undisturbed  by  any  previous  treatment 
of  the  specimen.        It  is  not  in  general  possible  to  check  values 
obtained  for  one  trial  by  reheating  the  specimen,  but  the  posi- 
tion of  the  point  varies  slightly  with  the  rate  of  cooling  and 
with  the  maximum  temperature  peak,  and  the  unreliability  in- 
creases enormously  with  the  number  of  successive  heatings.  This 
is  due  probably  to  the  presence  of  occluded  gase3. 

The  Arp  point  is  more  sharply  defined  than  the  Ar„ 


point,  "but  the  order  of  the  magnitude  of  the  heat  evolutions  is 
roughly  as  one  to  four,      iSao"1:  point  is,  however,  definitely 
marked . 

For  the  best  results  in  making  the  determinations  the 
specimens  should  be  small  and  compact  and  of  a  weight  not  exceed- 
ing thirty  grams.        "he  larger  specimens  do  not  give  as  sharply 
located  points  as  the  smaller. 

The  method  here  employed  is  believed  to  be  admirable 
in  the  location  of  critical  points  in  the  practical  heat  treat- 
ments of  steel.        It  is  efficient  in  time, labor  and  apparatus 
and  does  not  require  skillful  manipulation.      An  improvement 
might  be  inferred  along  methods  of  heating  and  cooling  in  vacuo 
and  the  use  of  high  sensibility  auto  graphic  pyrometers. 
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Tahlo  1 

CRITICAL  POINTS 

Electrolytic  Iron 

Ar3  Ara 

3-30  885  765 

3-31  885  775 

3-33  895  765 

3-34  890  760 

3-35  893  755 

3-36  875  760 

3-37  885  760 

5-38  #1  905  785 

3-38  J--2  895  760 

3-39  905  755 

3-40  895  750 

3-41  892  755 

3-43  895  755 

3-45  895  755 

3-47  897  760 

Average  . 892  761 

Carbon  Alloys 


3-C0-1  895  755 

3-C0-2  895  755 

3-C0-3  750  685 
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1    Tahlo  2 
CHEMICAL  ANALYSIS 


Lin          P            S  Si  C 
Swedish  Iron          Hone      None       .0002     .032  .163 

Bleotrolytic  .01  .006 
Vacuum  melted 

3-30  .009 

3-31  .012 

3-34  .009 

3-36  .015 

3-37  .045 

3-38  .0104 

3-39  .011 

3-40  .011 

3-41  .0095 

5-43  .0196 

3-45  .008 

3-47  .008 

3-48  .008 

3-49  .012 

3-50  .0015  .0099 

Carbon  alloys 

3-C0-1  .013 

3-C0-2  .012 

3-C0-3  .161 
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III 

THE  RESULTS  OF  THE  TENSILE  TESTS 

In  the  tables  data  are  given  f or  a  series  of  tests 
ganging  from  the  condition  of  forging  to  long  annealing  and  very- 
violent  quenching.        The  method  of  obtaining  these  results  is 
as  follows. 

Specimens  tested  as  forred  were  precisely  as  obtained 
from  the  ingot  after  working  under  a  steam  hammer  at  forging  heat 
and  cooling  in  air.        The  lathe  work  is  regarded  as  superficial 
in  determining  the  properties  of  the  iron. 

The  treatment  for  the  specimens  tabulated -as  annealed 
was  invariable  except  for  the  time  of  cooling  and  the  maximum 
temperature  of  heating.        Preliminary  to  the  heat  treatment  the 
specimens  were  placed  in  a  large  iron-pipe  cartridge  filled  with 
crushed  magnesite  moistened  with  alcohol  to  drive  out  the  air 
on  heating  and  prevent  scale  formation.        The  cartridge  and 
contents  were  then  heated  to  the  predetermined  temperature  in  a 
plate  type  carbon  resistance  furnace  having  a  maximum  energy 
input  of  forty  five  kilowatts.        Previous  to  beginning  the  heat- 
ing a  pyrometer  tube  was  inserted  through  a  hole  in  the  cartridge 
until  it  penetrated  the  magnesite  in  contact  with  the  specimens. 
This  gave  the  means  of  determining  the  temperature. 

In  some  of  the  annealing  treatments  the  furnace  was 
merely  heated  up  to  the  required  maximum  and  allowed  to  cool  at 
its  natural  rate.  This  consumed  from  four  to  six  hours  and 

all  specimens  heated  and  cooled,  in  this  manner  are  designated  as 
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furnaco  cooler'.        In  case  of  the  long  annealings  the  furnace  waa 
heated  as  before,  but  the  cooling  was  accomplished  under  a  con- 
stantly decreasing  energy  input,  the  regulation  being  on  the  basis 
of  the  pyrometer  read  ings  following  a  definite  rate. 

In  the  case  of  the  quenched  specimens  precisely  the 
same  mode  of  preliminary  preparation  was  employed  except  that  a 
smaller  cartridge  containing  a  lesser  amount  of  magnesite  was 
employed.         After  reaching  the  desired  temperature  the  cartridge 
was  removed  from  the  furnace  and  its  contents,  including  the 
magnesite  quickly  dumper1  in  the  cooling  medium. 

Specimens  were  tested  in  an  Olsen  machine  of  the  beam 
balance  type  with  a  maximum  capacity  of  five  tons.  Screw 
grips  threading  on  the  test  pieces  were  employed  so  that  very 
little  slipping  occured. 

It  wa3  seen  from  the  chemical  analysis  that  the  iron 
is  peculiarly  free  from  all  impurities  except  carbon  and  that 
the  carbon  content  suffered  an  increase  with  remelting  in  vacuo. 
It  happens  that  the  reaction  of  the  molten  charge  with  the  rare- 
fied furnace  atmosphere  is  expressed  by  the  equation, 

Fe  +  CO  =  Fe  0  +  c 
which  is  reversible  and  whose  direction  of  progression  is  deter- 
mining by  the  pressure.        With  extremely  low  vacuum  the  reac- 
tion proceeds  from  right  to  left,  while  with  the  usual  vacuum 
employed  in  melting  the  charge   [:Z  or  3  mm.  of  Hg)   it  proceeds 
from  left  to  right,  and  two  undesirable  constituents  carbon  and 
iron  oxide  are  added  to  the  charge.        The  variation  in  carbon 
content  is  chargeable  to  the  change  in  the  vacuum  in  melting  the 
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different  furnace  charges  and  increa3es  with  increasing  pressure. 
The  iron  obtained  is  of  very  high  commercial  purity  indicating 
no  trace  of  oxidation. 

Specimen  3-37  evidently  suffered  some  accident  in  the 
course  of  its  preparation.        It  is  unique  among  the  electro- 
lytic irons  in  point  of  its  high  carbon  content. 

RESULTS 

The  data  obtained  in  these  test3  is  presented  in  tables 
3  to    7     •      Table    3    is  the  general  tabulation  of  the  tests. 
It  is  impossible  to  plot  curves  for  the  reason  that  no  system  of 
coordinates  is  available  for  the  graphs.        Tables  4  to  7  are 
intended  to  take  their  places.  In  all  of  these  tables  under 

elongation,  column  (1)   is  the  elongation  at  the  yield  point; 
column  (2)   is  the  elongation  after  failure. 

Some  of  the  conclusions  to  be  derived  from  the  data  are 
partly  negative;  most  of  them  are  purely  suggestive,  although  a 
few  broad  conclusions  can  be  drawn  which  are  not  intrinsically 
applicable  to  electrolytic  iron. 

As  in  the  case  of  almost  all  mechanical  tests  not  enourrh 
specimens  were  tested. To  settle  definitely  many  of  the  points  in- 
volved a  much  wider  series  must  be  completed,  but  the  tests  are 
believed  to  be  valuable  in  suggesting  the  following  points. 

With  the  forged  specimens  the  values  indicate  very 
great  confusion.        This  was  to  be  expected  from  the  analogous 
behaviour  of  other  alloys  and  was  the  reason  for  testing  the 
specimens  in  this  form.        The  higher  strength  is  due  to  mechanical 


work  while  passing  through  the  range  A3,  and  seems  to  he  independ- 
ent of  the  carbon  content. 

ith  the  annealed  specimens  it  may  be  3aid  that  very 
little  grain  refining  is  secured,  and  that  the  result  is  merely 
the  elimination  of  the  cooling  strains.        The  net  return  of  the 
annealing  is  uniformity.        The  time  of  the  annealing  is  not 
essential  provided  it  is  sufficiently  long  to  accomplish  the 
desired  end.  The  refinement  of  following  a  logarithmic  or 

straight  line  curve  is  entirely  superfluous.        Twenty  four  hours 
is  probably  sufficient  to  remove  all  harmful  cooling  strain. 

In  the  quenching  experiments  the  same  criticism  as 
with  the  annealing  may  apply.  Because  of  the  fact  that  almost 

no  grain  refining  was  secured,  the  end  of  the  quenching  process 
was  only  partially  obtained*  It  is  prohahle  that  some  grain 

refining  was  secured  because  of  the  higher  temperature  of  quench- 
ing; it  is  also  possible  that  some  of  the  higher  allotropic 
modifications  are  retaining  in  the  cold  state.        Either  of  these 
assumptions  will  account  for  the  slight  increase  in  strength,  or 
it  may  be  ascribed  to  the  fact  that  the  rapid  heating  did  not 
entirely  destroy  the  advantageous  grain  structure  of  the  forged 
specimen. 

Carbon  variation  even  with  the  snail  amount  of  the 
element  involved  produces  a  change  in  the  strength  of  all  but  the 
forged  specimens  in  which  it  is  very  likely  obliterated  by  other 
influences.        It  appears  to  affect  the  yield  point  much  more 
markedly  than  the  ultimate. 
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In  3ome  of  the  tests  the  yield  point  could  not  ho 
detected.        It  appears  that  it  occured  at  such  a  low  value  that 
it  remained  undiscovered  in  the  confusion  of  getting:  the  test 
machine  under  way. 

In  the  rupture  of  the  annealed  sections  it  was  noted 
that  the  section  was  greatly  reduced,  irregular  in  cross  section, 
seldom  round  and  usually  rectangular,  while  with  the  forged  and 
quenched  sections  the  fracture  was  invariable  circular.  At 
the  moment  of  rupture  the  annealed  metal  was  so  plastic  that  it 
was  sometimes  difficult  to  join  the  ends  together  to  measure 
elongation.        The  fracture  of  the  other  specimens  showed  a 
crystalline  break. 

The  elongation  of  the  annealed  specimens  was  nearly 
uniform  over  the  entire  length  until  the  moment  of  necking.  The 
progress  to  destruction  was  then  very  rapid.        The  necking  of 
the  forged  and  quenched  specimens  was  relatively  much  more  local- 
ised. 

It  is  probable  that  the  quenched  test  pieces  were 
under  a  very  severe  cooling  strain.        Punch  marks  in  several  of 
them  showed  that  in  the  quenching  they  had  been  twister1  through 
an  angle  of  approximately  thirty  circular  degrees. 

One  specimen  was  quenched  in  liquid  air.         It  showed  a 
much  more  uniform  elongation  than  any  of  the  other  quenched  test 
pieces  either  from  more  uniform  or  less  violent  treatment.  Tor 
large  masses  iced  brine  is  believed  to  be  a  much  more  effective 
cooling  medium  than  liquid  air  despite  the  latter's  lower  tem- 
perature. However,  for  small  specimens  it  is  believed  that  in 
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quonching  from  slightly  above  the        point  the  allotropic  trans- 
formation of  the  iron  is  greatly  retarded*  due  to  the  initially 
greater  00 o ling  effoct.        Liquid  air  tends  to  volatilize  and 
surround,  the  specimen  with  a  then  film  of  air  30  that  the  effect 
of  its  low  temperature  is  -partly  lost. 

It  is  believed  that  the  results  given  herein  are  unusual 
ia  showing  lower  strength  and.  greater  ducility  than  is  usually 
associated  with  iron.         It  is  easy  to  produce  iron  of  equally 
low  carbon  content  with  the  ones  shown  here.        It  is  almost  im- 
possible by  any  other  method  to  secure  a  product    so  free  from 
occlude^  rr.ses  and  oxide  or  the  presence  of  a  d.e  oxidising  agent 
anr  this  is  regarded  as  the  principal  reasons  for  the  oddity  of 
the  results  obtained. 
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RESISTANCE  FUFJTACE 
Fig  2 
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IV 

THE  MICRO-PHOTOGRAPHIC  ANALYSIS 

Hi or 0  sections  shown  in  this  thesis  are  made  on  the 
cross  section  of  the  micro  specimens  cut  from  the  same  "bar  as  the 
tensile  tost  specimens  and  subjected  to  exactly  the  same  treatment. 
All  of  them  are  prepared  in  as  similar  and  precise  a  manner  as 
possible.  After  hand  polishing  through  six  grades  of  Hubert 

emery  cloth  the  final  polish  was  acquired  on  tripoli  and  rouge 
wheels.        The  etching  reagent  was  picric  acid  in  ninety  five 
percent  alcohol,  and  the  average  time  of  stching  was  one  minute. 
Picric  acid  was  selected  as  the  most  suitable  for  defining  the 
-rain  "boundaries.  Two  standard  magnifications  were  employed, 

sixty,  and  three  hundred  sixty  diameters.  All  photographic 
work  was  done  with  a  Leitz  metallurgical  microscope  of  the  Le 
Chatelier  type,  fitted  with  achromatic  lenses. 

Certain  of  the  sections  show  signs  of  discoloration. 
This  is  due  to  the  presence  of  fumes  in  the  atmosphere  on  the  day 
on  which  the  sections  were  photographed  and,  while  unfortunate 
in  obliterating  detail,  is  merely  incidental  and  has  no  hearing 
on  the  properties  of  the  metal. 

In  mounting  on  the  pages  the  subjects  are  grouped  as 
follows.        First  come  three  photographs  of  the  material  before 
melting  in  vacuo;  then  a  series  of  electrolytic  irons  are  shown 
which  are  selected,  as  representing  the  structural  changes  that 
take  place  in  all  the  processes  for  which  tensile  data  are  pre- 
sented.        A  supplementary  series  for  the  pure  carbon  alloys 


follows.      After  these  a  series  of  micro  sections  of  the  spec  jr. ens 
3-39  and  3-31  are  arranged  for  varying  heat  treatments.        All  of 
the  corresponding  "photographs  are  of  the  3ame  section  and  differ 
in  location  only  by  the  depth  of  the  oxide  film  which  is  formed 
during  heat  treatment. 

it  is  "believer,  that  these  series  of  section  photographs 
are  the  most  valuable  part  of  the  thesis.        The  opinion  is  also 
entertained  that  they  furnish  enough  conclusive  evidence  to 
warrant  some  precise  deductions. 

RESULTS 

Results  of  the  preliminary  series  include  three  sec- 
tions: one  of  the  iron  as  deposited  and  two  of  the  Swedish  char- 
coal iron.        The  latter  are  taken  at  right  anrles  to  the  fibrous 
structure  and  exhibit  the  usual  slag  inclosures  of  wrought  iron. 
The  former  is  unusual  in  exhibiting  crystalline  rather  than  a 
granular  structure.  Its  precise  mode  of  preparation  is  not 

known,  but  there  is  no  doubt  of  the  authenticity  of  the  specimen 
both  from  its  general  nature  and.  from  the  honey  comb  effect  which 
is  the  cause  of  the  dark  spots  in  the  picture. 

In  the  electrolytic  series  as  forged,  several  facts  are 
observable.        The  crystalline  structure  is  much  finer  than  any 
of  the  other  series,  and  the  crystals  themselves  are  greatly 
distorted.        This  is  caused  undoubtedly  by  the  mechanical  work 
while  the  metal  is  passing  through  A5,  and,  as  uniformity  is  not 
to  be  expected  in  this  process,  uniformity  is  not  secured  in  the 


micro-3 tructure .        The  internal  equilibrium  is  not  stable  aa 
the  further  results  will  show,  but  the  structure  accompanies 
maximum  mechanical  strength. 

In  the  annealed  electrolytic  iron  3erj.es  uniformity  is 
secured  for  specimens  annealed  and  cooled  longer  than  twelve 
hours.        It  is  thought  that  there  exists  a  stable  number  of 
alpha-beta  iron  nuclei  toward  which  the  specimens  cooled  for 
twelve  hours  are  approaching  and  which  the  others  have  actually 
attained.  It  is  the  belief  of  many  eminent  metallurgists, 

notably  Ewing  and  Rosenhain,  that  in  absolutely  pure  metals  the 
grain  will  not  grow  even  if  the  material  has  previously  been 
strained.        After  trie  structure  has  once  attained  its  equili- 
brium condition  this  opinion  seems  to  be  sustained. 

In  the  preparation  of  the  quenched  sections  it  was 
noticed  that  the  surface  was  netallurgieally  more  resistant  to 
abrasion;  polished  more  readily  and  exhibited  a  tendency  to  polish 
in  relief;  and  that  it  etched  with  greater  difficulty,  showed  a 
tendency  to  discolor,  and  could  not  be  etched  in  a  uniform  manner. 
An  inspection  of  the  sections  will  show  a  slight  decrease  in 
grain  size.      This  is  accompanied  by  a  slight  increase  in  mechan- 
ical strength.         The  quenching  treatments  were  invariably  violent. 
It  may  perhaps  be  possible  to  imagine  that  some  of  the  higher 
allotropic  modifications  of  iron    are  retained,  by  this  method. 
This  will  most  readily  account  for  the  varying  hardness  which 
appears  in  polishing  and  for  the  non-uniformity  of  the  sections. 

In  the  carbon  series  the  specimens  3-C0-1  and  3-C0-2 
are  practically  of  the  same  composition  as  the  electrolytic  irons, 
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the  carbon  content  of  the  alloys  having  been  reduced  by  the  furnace 
in  molting.        Accordingly,  to  these  two  specimens  the  same  re- 
marks made  under  the  electrolytic  series  also  apply. 

The  alloy  5-C0-3  exhibits  the  general  effect  of  carbon, 
The  pearlite  areas  are  plainly  visible  in  the  forged  and  annealed 
sections;   the  figure  for  the  brine  quench  is  distinctly  marton- 
sitic,  and  the  liquid  air  quench  is  decidedly  austenitic.  This 
last  is  unusual  for  so  low  a  carbon  content,  and  can  be  ascribed 
only  to  the  absence  of  other  impurities, 

'"he  specimens  in  the  series  3-39  and  3-31  are  the  most 
valuable  in  the  thesis.      In  the  annealings  below  the  point  A 

3 

they  illustrate  precisely  the  same  phenomena  as  the  previous 
specimens;  but  for  the  annealings  above  the  point  A«  the  grain 
structure  becomes  greatly  subdivided  and  is  replaced  by  a  much 
finer  network.        Subsequently  with  the  repeated  annealings  at  a 
lower  temperature  this  finer  structure  disappears  and  is  re- 
placed by  the  stable  structure  and  grain  size  that  is  characteris- 
tic of  the  long  coolings.       The  explanation  of  this  can  perhaps 
best  be  given  in  the  words  of  its  promulgators,  Carpenter  and. 
Stead,   {Journal  of  the  Iron  and  Steel  Institute,  September ,1913) . 

"The  refining  of  the  structure  caused  by  prolonged 
heating  in  the  region  of  gamma  iron  can  be  explained  in  accor- 
dance with  well  established  facts  of  the  genesis  and  growth  of 
crystals  in  the  following  way:-    On  heating  the  iron  strip  which 
consists  of  an  aggregate  of  alpha  crystals,  above  Acg,  a  region 
is  entered  in  which  gamma  is  the  stable  phase,  and  provided  it  is 
held  there  sufficiently  long,  not  only  the  alpha  crystals,  but 
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their  nuclei  will  "be  destroyed.        When  the  atrip  is  cooled 
through  Ar-^,  and  again  enters  the  alpha  rep-ion  it  la  a  question 
whether  a  large  number  of  alpha  nuclei  will  he  formed  simultaneous- 
ly, in  which  case  the  crystals  that  result  from  them  will  he  both 
numerous  and  small,  or  a  small  number  of  nuclei  are  formed.,  in 
which  case,  provided,  diffusion  can  take  place  with  sufficient 
rapidity,  the  nuclei  will  develop  into  a  small  number  of  large 
crystals,  or,  of  course,  any  intermediate  proportion  may  be  assumed. 
A  reasonable  explanation  of  the  fine  alpha  crystallization  result- 
ing from  prolonged  heating  in  the  gamma  region  is,  therefore, 
that  very  numerous  alpha  nuclei  are  formed  simultaneously  with  the 
passing  through  Ar^  and  accordingly  the  crystals  are  small.  On 
the  other  hand  a  short  heatinp-  above  Ac-  may  be  insufficient  to 
destroy  the  alpha  nuclei,  and  when  the  strip  cools  through  Arw  a 
certain  number  will  be  present  which  will  act  as  centers  of  crys- 
tallization,  so  that,  if  diffusion  is  operative,  large  crystals 
will  grow  from  these  centers.       -his  would  account  for  the  coarse 
crystallization  which  results  from  a  short  heating  above  Ae«,  and 
it  is  the  explanation  which  appears  to  the  authors  to  be  reason- 
able, and  to  fit  with  the  observer  facts''. 

It  is  also  reasonable  to  expect  that  from  analogy  with 
the  lower  annealings  the  gamma  iron  crystals  of  the  metal  in  so 
pure  a  state  would  assume  a  stable  condition  and. would  not  grow 
with  repeated  annealings.      Experiment  seems  to  prove  that  this  is 
finer  than  the  beta-alpha  structure.        It  is  possible  then  to 
formulate  the  annealing  treatment  that  will  be  most  desirable  in 
promoting  maximum  strength. 
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V 

.  SUMMARY 

It  is  hoped  that  to  the  numerical  data  presented  the 
following  qualitative  facts  may  be  added. 

Pure  iron  in  cooling  from  its  melting  point  to  ordinary 
temperatyres  passes  through  two  transition  points  which  this  thesis 
will  approximately  locate. 

Iron  of  the  purity  of  the  samples  used  does  not  show 
crystalline  growth  heyond  a  certain  maximum  stable  equilibrium 
condition  regardless  of  the  number  or  methods  of  annealing,  pro- 
vided it  does  not  pass  beyond  the  beta  stage.      This  fact  may  be 
stated  variously  that  pure  iron  which  has  not  previously  been 
strained  or  from  which  the  state  of  strain  has  been  removed  does 
not  undergo  any  increase  in  grain  si^e  from  any  manner  of  anneal- 
ing bolow  the  temperature  of  A*. 

The  heat  treatment  for  the  finest  crystalline  structure 
and  the  accompanying  max: mum  mechanical  strength  should  be  some- 
what as  follows:-  the  iron  should  be  annealed  for  a  long  period  at 
a  temperature  slightly  above  the  A@  transition  point  the  region 
where  the  gamma  modification  is  stable;  it  should  next  be  cooled 
rapidly  either  by  quenching  or  air  blast  to  atmospheric,  and  then 
again  annealed,  for  a  very  long  period  at  a  temperature  not  ex- 
ceeding 500  C.       This  is  very  similar  to  the  empirical  treatment 
given  silicon  steel. 


